The observation of quantum phenomena in macroscopic mechanical oscillators [1, 2] has been a subject of interest since the inception of quantum mechanics. It may provide insights into the quantum-classical boundary, experimental investigation of the theory of quantum measurements [1, 3, 4] , the origin of mechanical decoherence [5] and generation of non-classical states of motion.
The experimental setting of the present work is a cavity optomechanical system, which parametrically couples optical and mechanical degrees of freedom via radiation pressure. In the present case, toroidal microresonators are employed which exhibit (cf. Fig. 1 ) strong, inherent opto-mechanical coupling between high-quality factor (Q > 10 8 ) optical whispering gallery modes and the mechanical radial breathing mode [22] (RBM), featuring high frequency (65 and 122 MHz for the resonators used in this work), and effective masses [23] on the order of 1-10 ng (cf. Fig. 1b ). The quality factors of the RBM can reach values up to 80,000 if clamping losses are mitigated by modal engineering [24] . To achieve a regime of low mechanical oscillator occupancy we apply laser cooling to a cryogenically pre-cooled micromechanical oscillator with high frequency. Figure 1 shows a schematic of the experiment.
A chip with micro-resonators is inserted into a Helium exchange gas cryostat. Piezoelectric actuators enable positioning of a tapered optical fiber used for evanescent coupling with a resolution sufficient to adjust the taper-toroid gap to critical coupling. The total optical loss through the cryogenic environment can reach values below 25%. Low pressure (0.1-50 mbar) Helium exchange gas is admitted into the sample chamber, thermalizing the sample with a heat exchanger through which 4 He is pumped from a reservoir of liquid 4 He. An exchange gas temperature of 1.65 K is achieved. Due to the low heat conductivity of glass, and possible light absorption, it is of prime importance to verify the thermalization of the mechanical oscillator to 1.65 K. To this end, we perform noise thermometry using the RBM. A low power (< 2µW) laser is tuned into resonance with a high-Q optical mode. Fluctuations of the cavity radius-as induced by thermal excitation of the RBM-induce resonance frequency fluctuations of the cavity, which are imprinted as phase fluctuations on the laser light coupling back to the tapered fiber (cf. Figure 1c) . A phase-sensitive detection scheme enables measurement of the Lorentzian displacement noise spectrum of the thermal (Brownian) motion of the RBM, characterized by its resonance frequency Ω m , mechanical damping rate Γ m and peak displacement amplitude S th xx (Ω m ) (cf. Methods summary). Figure 2a shows the resulting mechanical mode temperature as derived via the equipartition theorem from the independently calibrated noise spectra, where phase-sensitive detection was accomplished using the Pound-Drever-Hall technique. Importantly, the temperature of the sample follows the exchange gas, demonstrating that excellent thermalization is achieved, a key prerequisite for the experiments described from here on. For the 62 MHz sample thermalization to 1.65 K entails an initial average occupancy of n = k B T RBM / Ω m ≈ 560, while for the 122 MHz sample a low occupancy of n ≈ 280 is attained. Note that despite the modest pre-cooling to 1.65 K these occupancies are identical to those of a 1 MHz nano-mechanical oscillator thermalized to a dilution refrigerator temperature below 20 mK, emphasizing the significant advantage of working with high frequency oscillators.
Measuring the mechanical displacement associated with such a massive oscillator at low occupancies requires high sensitivity, in particular, since the mechanical quality factor of silica is reduced to ∼ 2000 at 1.65 K due to losses originating from phonon coupling to structural defect states [25] (note that damping by the exchange gas is negligible, and that the mechanical Q factor improves again at lower temperatures [26] ). The required attometer-level sensitivity can (so far) only be achieved with optical transducers. Following our previous work, we employ homodyne spectroscopy [15] based on a quantum-noise limited titanium sapphire laser (in both amplitude and phase), which is resonantly coupled to −18 m/ √ Hz, which is only a factor of 5.5 ± 1.5-times higher than the standard quantum limit (SQL) [1, 21] , given by S SQL xx (Ω m ) = /m eff Γ m Ω m for a measurement at the mechanical resonance. This proves the counterintuitive notion, that measurements close to the standard quantum limit are possible, in spite of the here used strategy of using high frequency and comparatively massive oscillators (in contrast to nanomechanical systems).
In order to further decrease the number of thermal quanta of the mechanical oscillator we use cooling via radiation pressure dynamical backaction as predicted [16, 27] and recently experimentally demonstrated [17, 18, 19] . Similar to the atomic physics [28] case, ground state cooling requires accessing the resolved sideband regime [20, 29, 30] , which necessitates the mechanical oscillator frequency to exceed the cavity decay rate (i.e. Ω m ≫ κ). This regime is moreover prerequisite for schemes such as two transducer quantum non-demolition (QND) measurements [1, 31] or the preparation of a mechanical oscillator in a squeezed state of motion [32] . Operation in the RSB regime as demonstrated in [10, 20] is accomplished using a cavity with a narrow resonance (5.5 MHz intrinsic decay rate and 9 MHz mode splitting), which is broadened to a κ/2π ≈ 19 MHz-wide resonance due to fiber coupling (corresponding to a loaded finesse of ∼ 70, 000). The laser is subsequently tuned to the lower mechanical sideband, i.e. red-detuned by 65.2 MHz, the resonance frequency of this sample's RBM. For this detuning the circulating power is reduced by a factor of 4Ω
At the same time, the sensitivity to mechanical displacements is slightly reduced. In the ideal case of a highly overcoupled cavity, with unity detection efficiency and no excess noise except for the laser's intrinsic quantum noise, the imprecision noise spectral density, i.e. the background of the measurement caused by detection shot noise, is given by:
where the opto-mechanical coupling g 0 = dω/dx, and dω/dx = ω/R in the present embodiment. Moreover, R is the cavity radius, P the launched input laser power, ω/2π the optical resonance frequency, ∆/2π the detuning from the cavity resonance, and Ω/2π the analysis frequency. In the resolved sideband case Ω m ≫ κ, this expression simplifies to
2 0 P at the mechanical resonance frequency, when detuned to the first (upper or lower) mechanical sideband |∆| = Ω m . This is only a factor of 4 higher than in the resonant readout case ∆ = 0. We note the interesting result that this expression does not depend on optical finesse in the deeply resolved sideband regime.
As shown in previous work [10, 20] , the laser detuned to the lower sideband leads to a significant reduction of the thermal occupation (i. e. cooling), as evidenced by the reduced area underneath the peaks associated with the oscillator's thermal noise (cf. Fig. 3b ). The underlying physical mechanism giving rise to cooling is enhanced anti-Stokes scattering into the cavity mode, whereby each scattering process annihilates a thermal phonon. In the resolved-sideband regime, ground state cooling is possible in principle, and the minimum occupation that can be reached is given by ñ ∼ = κ 2 /16Ω 2 m ≪ 1 [29, 30] . As the laser cools the resonator out of equilibrium with the thermal bath (at temperature T ), however, heating through the bath competes with laser cooling and leads to a final occupation of
where Γ m is the intrinsic damping rate and Γ cool the laser induced cooling rate. In the case of the data shown in Fig. 3 , a strong increase in the damping with a concomitant reduction of the thermal occupation can be observed. The highest attained total damping rate is (Γ m + Γ cool )/2π = 370 kHz, reached with a launched power of ∼ 0.2 mW. Evaluation of the calibrated thermal noise spectrum reveals an effective mode temperature of 200 ± 60 mK, which corresponds to an average occupation as low as n f = 63 ± 20 quanta. This is the lowest reported occupancy for a cavity optomechanical cooling experiment reported to date; slightly lower occupancy, n f = 25, has only been attained in the context of conventional dilution refrigeration of nanomechanical oscillators [7] , albeit with a signal-to-background ratio well below unity. Back-action cooling techniques applied to nano-mechanical oscillators at milli-Kelvin temperatures achieve occupation numbers about one order of magnitude higher [7, 10] .
Moreover, a key aspect of the reported experiments is operation in the resolved sideband regime. To illustrate the instrumental role of the RSB regime for accessing low phonon occupation number of mechanical oscillators, we compare the cooling run just described with a further, independent run with a smaller sample (Ω m /2π = 122 MHz), exhibiting significantly broader linewidth (fiber coupling broadened to κ/2π = 155 MHz), as shown in Fig. 4 . In this case, a significant deviation from the linear cooling behavior is observed, with higher temperatures measured than expected based on the cooling rate. It is possible to model this deviation by taking an intracavity-power dependent heating of the mechanical mode into account. Heating of the mechanical mode can be caused by both quantum [1, 33] or classical fluctuations [20] of the radiation pressure force. While the latter is ruled out in our experiment by the use of a low-noise laser source (quantum limited in amplitude and phase for the Fourier frequency of interest), the former effect cannot account for the heating due to its much smaller magnitude, as detailed below. Instead, the effect is attributed to heating via laser absorption. Both data sets exhibit heating of ca. 10 K/Watt of circulating optical power. While quantitative modeling would have to take characteristics of the optical mode and heat transfer in the gas-cooled sample into account, we note that similar values of laser induced heating were extracted from studies of the optical bistability at low temperature at a wavelength of 1.5 µm [25] . Indeed, operating in the resolved-sideband regime [20] allows to mitigate this effect and enables the results demonstrated in this work, as well as future work aiming at achieving ground-state cooling, as it strongly reduces the circulating intracavity power.
It is also interesting to consider the reported measurements from the perspective of the theory of quantum measurement [1, 34] . can increase the value of the measurement backaction, the lowest possible force noise for a coherent input is given by the quantum backaction (QBA):
where [7, 34] . We expect that improvements on our results are readily attainable by operating more deeply in the resolved-sideband regime [20] , in a colder cryogenic environment (such as 3 He), and with reduced mechanical dissipation by employing e.g. crystalline resonators [35] . The properties of the system demonstrated here-a massive oscillator, prepared with very low average occupation, which is coupled to an ultra low loss fiber transport medium is pivotal for a variety of experiments and protocols involving photons and phonons, such as radiation pressure squeezing [36, 37] , entanglement [38] or QND measurements [32, 39] .
In summary, our result signal a paradigm shift in the access to the quantum regime of mechanical oscillators by demonstrating the clear feasibility to enter this regime using significantly more massive cavity optomechanical [13, 40] systems and using modest precooling; a regime so far only attained with nanomechanical oscillator thermalized to milliKelvin scale dilution refridgerator temperatures. As such, the reported experiments-which demonstrate preparation and sensitive readout of mechanical oscillator with few quantamark a first step into a new era of experimental investigation of mechanical systems in the quantum regime, which has applications ranging from fundamental predictions of quantum measurement theory tests of quantum mechanics to the generation of non-classical states of motion and study of mechanical decoherence. This effect is suppressed in the resolved sideband regime (panel (A)).
